Abstract: Numerical study of Kalina cycle based power generating systems has been presented to utilise low temperature geothermal heat source. Computer codes have been developed in MATLAB to evaluate the thermal properties of working fluid. The performance of systems has been analysed considering the operating parameters that suit Indian climatic conditions. Parametric analyses of the Kalina cycle configurations have been presented showing the effect of key parameters on system performance. The efficiency of low temperature Kalina cycle system is noted to be 12.95% operating at 145 o C. The cycle efficiency has improved by 2% with the incorporation of an auxiliary superheater in the system. The incorporation of an auxiliary separator increases NH 3 concentration in the vapour mixture and enables operation of the system at reduced pressure. Further, a combined system has been designed that produces electricity and cooling effect simultaneously. The combined cycle shows gain in thermal efficiency by 6%.
Introduction
Economic development of any country depends largely upon the availability of energy resources. In the present scenario, scarcity of power is evident in many countries and the power generation depends largely on fossil fuels. The fossil fuel resources may not exist forever and they are the prime cause of environmental pollution. There is a strong need to focus our attention on renewable energy resources and develop energy efficient technologies. All over the world, the use of renewable energy is being prioritised and many countries are making use of renewable energy as their energy sources to sustain and promote economic growth. The geothermal power potential of India is estimated to be 10,600 MW which can be utilised for power generation besides space heating, industrial processing, aquaculture ponds and agricultural drying applications as reported by Sarolkar (2018) . Due to low temperature of reservoirs and high exploration costs, the geothermal energy has not been considered in India for power generation. In the present work, a Kalina cycle based power generating system that operates on low temperature heat source has been developed. The thermal performance of Kalina cycle based power generating systems is higher than Rankine cycle based systems at low operating temperatures (Sayed and Tribus, 1985) . Therefore the Kalina cycle based systems are more suitable to harness energy from low temperature heat sources such as solar heated streams, exhaust gases from gas turbine, municipal incinerators, industrial process heat, and low temperature geothermal sources. The geothermal resources in the temperature range of 100-150°C are regarded as low temperature resources, from 150-190°C as moderate temperature resources and above 190°C as high temperature resources. Chandrasekharam and Chandrasekhar (2010) has mentioned that India could be ranked as first among non-OECD member countries, if a fraction of the available 18348x10 8 GWh geothermal energy is utilised for generating power. Singh et al. (2015) has assessed the geochemistry of geothermal springs located at Jharkhand and West Bengal., they indicated 500 MW of electricity generating potential from these sites based on thermal gradient, rate of flow and heat transfer rates. Chandrasekharam and Chandrasekhar (2015) reported 1757 TJ increase in annual geothermal energy use for direct heating applications from the year 2010 to 2014.
2 Kalina cycle based power generating systems NH 3 -H 2 O mixture is used as a working substance in the Kalina cycle based power generating systems. The analysis of such cycle is possible only if the functional forms of thermodynamic properties are available. Ziegler and Trepp (1984) proposed the correlations to calculate thermal properties of NH 3 -H 2 O mixture for pressure and temperature up to 50 bar and 227°C respectively. Patek and Klomfar (1995) revealed a new method for evaluating the thermodynamic properties of NH 3 -H 2 O mixture that avoids subsequent iterations. Xu and Goswami (1999) applied Gibbs function and used the phase equilibrium equations to calculate the properties of NH 3 -H 2 O mixture. The use of NH 3 -H 2 O as working fluid is advantageous to the extent that it has no ozone layer depletion potential or global warming potential as in case of working substance used in organic Rankine cycle based power plants. The results of parametric analysis conducted on Kalina cycle based power plant by Marston (1990) shows the operation of condenser above the atmospheric pressure with reduced NH 3 concentration in the working fluid. Stecco and Desideri (1992) compared the performance of pure H 2 O, pure NH 3 , and the NH 3 -H 2 O mixture separately in a heat recovery heat exchanger. Their result indicated increase in heat recovery by 25% using NH 3 -H 2 O mixture. Ibrahim and Klein (1996) reported the feasibility of using steam based power plant equipment for operating the Kalina cycle based power plant with minor modifications. They also mentioned the advantages of Kalina cycle that include higher thermal efficiency, flexibility in design, and reduction in capital cost. Desideri and Bnidini (1997) emphasised that the turbine inlet condition of the working fluid used is significant to obtain higher performance. They performed analysis on Rankine cycle and Kalina cycle based power plants with nonconventional working substances. Bloomquist (2003) suggested preheating of water in the Rankine cycle based power plant with geothermal source to reduce the fuel cost and also discussed on the technologies to generate power from low temperature geothermal sources besides space heating, agricultural drying applications. Minea (2007) stated that the low enthalpy heat sources such as gas turbine exhaust, industrial process waste heat are not suitable for producing steam in steam based thermal power plants. The author justified the use of NH 3 -H 2 O based power plant to serve the purpose of gaining higher thermal performance. Murugan and Subbarao (2008) considered Kalina cycle for bottoming cycle application and reported 1.4% increase in thermal efficiency. Comparing with the Rankine cycle, authors expressed superior performance of the Kalina cycle for generating electricity using low temperature geothermal heat source. They indicated the possibility of higher thermal performance of Kalina cycle due to close matching of temperature profiles of the working fluid and the source fluid in the heat recovery heat exchanger. Shankar and Srinivas (2012) performed analysis on the solar based Kalina cycle system. They used thermal collectors for utilising solar energy to generate electricity. The results indicated thermal efficiency of 13% operating at 150°C. Usvika et al. (2009) conducted analysis on the Kalina cycle based power plant to recover heat from low temperature geothermal fluid for generating additional power. They optimised the condenser pressure and the NH 3 mass fraction in the working fluid for gaining maximum thermal efficiency. Singh (2012) presented a numerical model for simulating the performance of the Rankine and Kalina cycle based combined cycle plant. The author mentioned that pressure and the concentration of NH 3 in NH 3 -H 2 O vapour mixture are the key parameters to affect the plant performance and reported maximum cycle efficiency of 12.95% operating with the working fluid containing 0.8 NH 3 concentration. The author conducted exergy analysis that indicated highest exergy loss in the heat recovery heat exchanger.
The Kalina cycle based cogeneration cycle produces power and refrigeration simultaneously and provides higher thermal efficiency. Vidal et al. (2006) used Aspen Plus software to simulate and optimise the NH 3 -H 2 O based combined cooling and power cycle. The authors considered the irreversibility of cycle components and the result shows 53% of exergy efficiency. Zheng et al. (2006) presented Pressure-Enthalpy, Temperature-Entropy and Pressure-Temperature diagrams to show the thermal performance of a combined power and refrigeration cycle. The results indicated 24.2% and 37.3% of cycle and exergy efficiencies respectively. Liu and Zhang (2007) analysed a cogeneration system with individual refrigeration and power generating unit. They reported reduction in energy consumption by 18.2%. Sadrameli (2007) used Aspen Plus process simulator to analyse the performance of the power and cooling combined cycle. They mentioned that the cooling effect thus produced was at the cost of electricity generation. They optimised the combined cycle for a specific performance coefficient. Padilla et al. (2010) investigated an NH 3 -H 2 O based combined power and cooling cycle and illustrated the influence of NH 3 concentration in basic solution on cycle efficiency. The authors reported 20% and 72% energy efficiency and exergy efficiency respectively by operating the absorber at 30°C. Puraghaie et al. (2010) applied Pareto approach and the multi-objective algorithm to optimise the combined power and cooling cycle. They considered the condenser and turbine inlet temperatures and the pressure as key performance parameters and the relationship between optimum objective function and design variables were presented. Srinivas et al. (2011) analysed the characteristics of biomass-based power and refrigeration cogeneration power plant. The authors used supplementary firing to augment power at peak loads and the results indicated higher refrigeration effect without supplementary firing. Ganesh and Srinivas (2013) compared the parallel and the series arrangement of boiler and heat exchangers of Kalina power station. In parallel arrangement they shared the heat load between boiler and heat exchanger to gain higher power output. The literature survey revealed theoretical analyses that were conducted on Kalina cycle based systems for waste heat recovery, hybrid power generation, combined cycle plants etc. But the operational data and information on process parameters of Kalina cycle based power plants to utilise geothermal resources of India do not exist. Therefore to fill this gap, this work is considered with the primary objective of developing configurations of Kalina cycle based power plants for generating electricity from geothermal sources in India.
Kalina cycle system modelling

Low temperature Kalina cycle configuration
The configuration of Kalina cycle for generating electricity from low enthalpy geothermal source is depicted in the Figure 1 . The system recovers heat from the hot source fluid in the heat recovery vapour generator (HRVG). The basic solution after absorbing heat from the geothermal source fluid in HRVG flows to the separator (SEP). The vapour mixture and the liquid mixture get separated in the separator. The high pressure vapour mixture flows to the turbine and expands to produce work. The work thus produced transfers to electric generator to generate electricity. The liquid stream at the separator outlet rejects heat in the high temperature heat exchanger (HT-HE). The pressure of this stream reduces to the condenser pressure after passing through the throttle valve (THR). Further this stream gets mixed with the working fluid flowing from the turbine exit in the mixer (MXR). The mixture from MXR passes through a low temperature heat exchanger (LT-HE) and then flows to the condenser. The feed pump (FP) increases the pressure of the working fluid from condenser pressure to the boiler pressure. The high pressure working solution flowing from the feed pump (FP) absorbs heat from HT-HE and the LT-HE before flowing into the HRVG. Thus the working fluid flows in the cyclic order to absorb heat from the hot source fluid and generates electricity. 
Kalina cycle with an auxiliary superheater
The incorporation of a superheater in the Kalina cycle provides scope for operation of the cycle at reduced pressure. The superheater increases enthalpy of the vapour mixture by adding additional heat from the source fluid at a temperature higher than the operating temperature. Figure 2 shows schematic of the Kalina cycle with an auxiliary superheater.
Enrichment of NH 3 concentration in vapour mixture
The vapour mixture that is separated in the separator contains water vapour. The use of rectifying heat exchanger (RE-HE) and an auxiliary separator (AX-SEP) removes the water content from the vapour mixture. Figure 3 
Kalina cycle with an auxiliary separator
The incorporation of an auxiliary separator in the Kalina cycle reduces operating pressure of the condenser and the separator. Also the system operates with working fluid that has reduced concentration of NH 3 . Figure 4 
Thermodynamic analysis
The analysis of Kalina cycle configurations have been performed by considering the Indian climatic conditions. The operating conditions assumed in the analysis are presented in the Table 1 . The temperature of the working fluid at the turbine outlet is evaluated using isentropic efficiency relationship. The operating pressures of separator and condenser are determined as the function of temperature and NH 3 concentration of the working fluid. The following equations are mentioned with reference to Figure 1 .
The mass flow rate of vapour passing through the separator is calculated using lever rule. Temperature of the high pressure working solution at the inlet of HRVG 8 7 7 0.65 ( )
Temperature of the high pressure working fluid at the inlet of HT-HE 
Network output
Heat absorbed in HRVG ( ) 
Irreversibility at the turbine ( ) 
Irreversibility at the HRVG ( ) ( ) 
Results and discussion
The effect of NH 3 concentration in basic solution and vapour mixture, and the operating temperature on specific power, exergy efficiency, and the cycle efficiency of the Kalina cycle configurations mentioned in the previous section have been presented in the following sections. The NH 3 concentration in vapour mixture vs. specific power output is depicted in Figure 6 . The analysis has been conducted for a fixed NH 3 concentration value of 0.7 in working fluid. The operating temperature is considered in the range of 120-135°C and the concentration of NH 3 in the vapour mixture from 0.91 to 0.95. The result shows gradual increase of specific power to a maximum value with the increase of NH 3 concentration in the vapour mixture and then decreases. The optimum NH 3 concentration in vapour mixture depends on operating temperature. The system gains 82.24 kW of specific power operating at 135°C, with the NH 3 concentration of 0.92 in vapour mixture.
Performance of low temperature Kalina cycle
Performance of Kalina cycle with an auxiliary superheater
The analysis of Kalina cycle configuration with auxiliary super heater is conducted by varying the NH 3 concentration in vapour mixture from 0.9 to 0.95 and the operating temperature from 110°C to 125°C with an increment of 5°C. Figure 7 depicts the graph of NH 3 concentration in vapour mixture verses cycle efficiency. The analysis has been carried out with NH 3 concentration of 0.64 in basic solution. The result shows increase in cycle efficiency with increase in NH 3 concentration in vapour mixture due to increased pressure of working fluid at turbine inlet. The variation of specific power with the increasing value of NH 3 concentration in vapour mixture is depicted in the Figure 8 . The concentration of NH 3 is varied with an increment of 0.01 from 0.9 to 0.95 in vapour mixture. The optimum value of NH 3 concentration in vapour mixture corresponds to the maximum specific power. Maximum specific power of 74.32 kW is observed operating at 125°C with NH 3 concentration of 0.92 in vapour mixture. 
Performance of Kalina cycle with an auxiliary separator
The Kalina cycle configuration with an auxiliary separator depicted in the Figure 4 is analysed initially without REF-HE. The system is analysed with the source fluid temperature ranging from 100°C to 150°C and by varying the concentration of NH 3 from 0.92 and 0.98 in vapour mixture. Figure 9 shows the graph of separator temperature vs. cycle efficiency. The analysis is conducted using basic solution containing NH 3 concentration values of 0.4, 0.45 and 0.5. The NH 3 concentration in vapour mixture was fixed at 0.98. The result shows increasing efficiency up to certain value of separator temperature. It is evident that there exists an optimum value of NH 3 concentration that yields maximum cycle efficiency. The cycle gained maximum efficiency operating at 126°C using basic solution with NH 3 concentration of 0.5.
The graph of separator temperature vs. specific power is depicted in the Figure 10 . The graph shows gradual increase in specific power with the increase in separator temperature. For each value of NH 3 concentration in basic solution, the specific power reaches maximum value at a certain separator temperature. The maximum value of specific power is observed at 121°C using basic solution with NH 3 mass fraction of 0.5. It indicates that the optimum operating temperatures exists separately for gaining maximum efficiency and the specific power.
Performance of combined power and cooling Kalina cycle
The configuration of combined power and cooling Kalina Cycle has been depicted in Figure 4 . The analysis is conducted using basic solution containing 0.48% of NH 3 . The concentration of NH 3 in vapour mixture is varied to study the effect on fluid temperature at turbine exit, cooling effect, and the cycle efficiency. The source fluid is considered in the range of 130-140°C and the concentration of NH 3 in vapour mixture is varied from 0.97 to 0.99. The result shows up to 6% higher cycle efficiency as compared to Kalina power cycle. The efficiency of combined cycle is evaluated by considering both work output and the refrigeration effect created in the refrigeration heat exchanger. Figure 11 depicts the influence of NH 3 concentration in the vapour mixture on cycle efficiency. The cooling effect and the turbine power increases with NH 3 concentration and hence the cycle efficiency increases. Result shows maximum cycle efficiency of 19.75% for the NH 3 concentration of 0.99 in the vapour mixture operating at 130°C. Exergy analysis provides scope for improving the performance of the system. It determines the irreversibility associated with individual processes. Figure 12 depicts the exergy loss percentages of various components of the combined power and cooling system. The graph shows highest irreversibility in HRVG. 
Conclusion
The variable temperature boiling nature of NH 3 -H 2 O solution in Kalina cycle facilitates higher thermal performance in harnessing energy from Low temperature heat sources.
Kalina cycle based power generating systems can be employed for the exploitation of low enthalpy geothermal resources of India. The computer code developed in MATLAB to simulate the performance of the Kalina cycle has enabled us to analyse the variation of some parameters and to realise the possibility of optimising the cycle for a particular heat source. Without altering the cycle configuration, only by changing the operating and the working fluid compositions it is possible to attain significantly high exergetic efficiency. The low temperature Kalina cycle has practical advantages over the Rankine cycle for generating power using low enthalpy geothermal heat source up to 130°C. For heat source temperature greater than 130°C, the use of auxiliary superheater in Kalina cycle increases energy and exergy efficiencies by 2% and 3% respectively due to higher mass flow rate of vapour mixture from the separator. The incorporation of an auxiliary separator in the Kalina cycle enables operation of boiler and condenser at reduced pressure and also enhances the concentration of NH 3 in the vapour mixture as such its temperature reduces significantly upon expanding in the turbine. The Kalina cycle based combined power and cooling system gains up to 6% higher cycle efficiency as compared to the Kalina cycle system presented in the work by Shankar and Srinivas (2012) . The Kalina cycle system configurations and operating parameters presented in this work may be considered for the establishment of Kalina cycle based power generating systems to harness energy from low enthalpy geothermal heat sources.
